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SUMMARY 

Benfluron N-oxide is an anti-neoplastic active metabolite of 
benfluron (B) l \ l . It is generated by flavine-monooxygenase-catalysed 
reactions 111 and immediately undergoes subsequent metabolic trans-
formations, the most important of which are reductive reactions 131. 
The products of reductive pathways catalysed by two different 
microsomal enzymatic systems are the tertiary amine benfluron (i.e. the 
original parent compound) and/or 7-dihydrobenfluron N-oxide. Our 
studies on the reductive transformation of Β N-oxide in rat, mouse, 
guinea-pig, rabbit, mini-pig and human microsomes have revealed 
significant species differences both in the yields of respective reduced 
metabolites and in the conditions essential for the activity of the 
reductases involved. While B, the original tertiary amine, is the main 
product of aerobic incubation of Β N-oxide with N A D P H in rat, mouse 
and mini-pig, significantly higher activities of the enzymes catalysing 
the formation of 7-dihydro-B N-oxide have been detected in rabbit and 
human microsomes. In rat, mouse and mini-pig, NADPH rather than 
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NADH is the preferred coenzyme for Β formation, and NADPH is also 
the preferred coenzyme for the formation of 7-dihydro-B N-oxide in 
most of the species used. The yield of tertiary amine Β is higher in 
anaerobic rather than aerobic conditions in most experimental species 
studied. Aerobic or anaerobic incubating conditions have an insignif-
icant effect on the formation of 7-dihydro-B N-oxide. Based on the 
inhibitory effect of CO on the reductive transformation of Β N-oxide, 
cytochromes P450 can be assumed to participate in the formation of Β 
both in rat and mini-pig, and, in mini-pig only, also in the formation of 
7-dihydro-B N-oxide. Inter-species comparison of the properties of the 
reductases participating in the transformation of Β N-oxide shows that 
the rabbit is a suitable model to study reductive transformation of Β N-
oxide in man. 
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INTRODUCTION 

The N-oxide of benfluron (5-(2-dimethylaminoethoxy)-7-oxo-7//-
benzo[c]fluorene N-oxide) is one of the main metabolites of benfluron, 
a potential cytostatic /1,2,4/. Studies on the biological properties of 
benfluron metabolites and derivatives have shown that Β N-oxide 
displays significant antineoplastic activity both in vitro (inhibition of 
DNA and protein synthesis in Yoshida tumour cells) and in vivo 
(reduced tumour mass and improved survival period of animals after 
oral administration of Β N-oxide to mice with Ehrlich or KH2 tumours 
and to DBA2 mice with LH 1210 leukaemia) 151. 

In vivo and in vitro .studies on Β N-oxide metabolism carried out in 
rats have revealed that the most significant biotransformation pathways 
of the substrate are the reductive pathways (Fig. 1). The main metab-
olite of Β N-oxide is the parent tertiary amine benfluron generated by 
the reduction of the substrate (reduction I). In vitro, this reaction takes 
place in microsomes with NADPH under both aerobic and anaerobic 
conditions. Results of inhibition studies suggest that cytochrome P450 
is involved in reduction I /3/. An additional biotransformation pathway 
(reduction II), of minor importance in the rat, is the reduction of the 7-
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Fig. 1: Microsomal biotransformation of Β N-oxide - main metabolic pathways. 

oxo group of Β N-oxide which gives rise to the N-oxide of 7-dihydro-
benfluron (DHB N-oxide) (Fig. 1). 

Compared to oxidative biotransformations, the mechanisms of such 
reductive processes and the enzymes involved have so far been studied 
to a considerably lesser extent. However, reductive processes play a 
crucial role in the metabolism of a number of xenobiotics. Reports in 
the literature show that reductive transformations may have significant 
detoxification and/or deactivation effects (e.g. in the case of ketones 
and aldehydes) 161, or - on the other hand - activation (e.g. naloxan, 
warfarin, oxisuran) or toxicity-conferring (e.g. azo compounds or 
quinones) effects 111. The reduction of Β N-oxide to Β (reduction I) 
and the reoxidation of Β to Β N-oxide represent mutual inter-
conversion of two compounds with similar biological activities but 
with partly different physico-chemical properties and, thus, with likely 
differences in their respective pharmacokinetic behaviour. The 
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reduction reaction II which changes the original planar shape of the 
molecule can be assumed to cause deactivation. The ratio between the 
reduction reactions I and II therefore represents the ratio of the yields 
of biologically active and inactive metabolites of Β N-oxide. 

Our current knowledge of the reductive transformation of Β N-
oxide is based on experiments carried out in rats. The main problem in 
using data obtained from experiments on laboratory animals in order to 
identify biotransformation processes taking place in man is significant 
inter-species differences in the levels of expression of the genes 
encoding the enzymes involved in the biotransformation processes and 
differences in substrate specificity of the enzymes due to (sometimes 
very minor) changes in the sequence of amino acids in the primary 
structure of the respective enzymes /8/. Carrying out experiments in 
several species improves the chance of finding the optimum model to 
study a specific problem 191. Inter-species comparisons help us to 
select the most suitable animal species from the aspect of predicting as 
precisely as possible metabolic transformation of a specific drug in 
man. Moreover, the identification of such a suitable species is also 
crucial for obtaining those metabolites which are otherwise difficult or 
impossible to be synthesised in quantities that would allow for their 
identification and, primarily, for testing their biological effects. Inter-
species comparison of the activities of biotransformation enzymes may 
also contribute to our better understanding of the mechanisms of their 
catalytic effects. 

These experiments were aimed at studying the reductive 
transformation of Β N-oxide in vitro using microsomes isolated from 
rat, mouse, guinea-pig, rabbit, mini-pig and human liver homogenates 
with the goal of comparing the activities and properties of the enzymes 
catalysing the reductive biotransformation of Β N-oxide in microsomes 
from various laboratory animals and of identifying those species in 
which the microsomal reductase activity pattern best approximates the 
one found in man. 

MATERIALS AND METHODS 

Chemicals 

NADPH and NADH were from Boehringer (Germany) and HPLC 
chemicals from Merck (Czech Republic). Β was obtained from the 
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Research Institute of Pharmacy and Biochemistry, Prague (Czech 
Republic), and Β N-oxide was prepared in our laboratory. All other 
chemicals used were of analytical grade and purchased from Lachema. 

Animals and biological material 

Male Wistar rats (Rattus norvegicus var. alba) (200-250 g), mice 
{Mus musculus var. alba) (20-25 g), guinea-pigs (Cavia aperea var. 
porcellus) (450-500 g) and rabbits (Oryctolagus cuniculus var. 
chinchilla) (about 3 kg) were obtained from Velaz (Prague, Czech 
Republic). They were fed a standard diet, fasted 12 h prior to the 
experiment, and sacrificed by decapitation under ether anaesthesia to 
obtain the liver. Mini-pigs (Sus scrofa var. alba Göttingen mini-pig) 
were obtained from the breeding station of The Military Research 
Institute (Hradec Krälove, Czech Republic). The mini-pigs were 
sacrificed by bleeding to death under total anaesthesia, their liver 
removed and used to prepare liver homogenates. Human liver samples 
were obtained from the Tissue Bank of The Faculty of Medicine, 
Charles University, Hradec Kralove. The microsomal fraction was 
obtained by fractional ultracentrifugation of the liver homogenate in 
0.1 Μ Na-phosphate buffer (pH 7.4). 

Incubation and extraction 

The conditions of incubations (substrate and coenzyme concen-
trations, time of incubation) were chosen according to previous 
experimental results /3/. The microsomal suspension (0.1 ml in 0.1 Μ 
Na-phosphate buffer, pH 7.4, i.e. aliquot containing 1 mg of micro-
somal proteins) was incubated with 0.5 μηιοί of substrate and 0.6 μηιοί 
of coenzyme NADPH or NADH in 0.3 ml (total volume) of reaction 
mixture. For inhibition studies cytochrome P450 in microsomal 
suspension was inhibited prior to incubation (2 min flow of carbon 
monoxide). Incubations were carried out at 37°C for 30 min under 
aeration or in argon atmosphere. All incubations were terminated by 
adding 0.1 ml 13% aqueous ammonia solution. Samples were extracted 
three times with double their volumes of distilled ethyl acetate and the 
combined extracts were vacuum-evaporated to dryness. 

239 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 6:30 AM



Vol. 14, No. 4, 1998 Inter-Species Comparison of 
Microsomal Reduction of Benfluron N-Oxide 

Protein and P450 content determination 

Protein was determined according to Lowry et al. with 0.1% SDS 
/10/. The amount of P450 was estimated using the Omura and Sato 
method of differential spectrum analysis after CO-reduction / l l / . 

Chromatographic separation and detection 

A Spectra Physics Chromatograph was used for HPLC detection, 
separation, quantification and spectral identification l\2(\. The 
configuration used was as follows: solvent degasser SCM400, 
quaternary gradient pump P4000, autosampler AS3500 with 100 μΐ 
sample loop, Spectra FOCUS high speed scanning UV detector, 
system controller, computer with analytical software working under 
OS-2. Analyses were performed on HPLC column LiChroCART 125 χ 
4 mm I.D, with precolumn LiChroCART 4 x 4 mm I.D., containing 
LiChrospher 100 RP-18 (5 μηι). The mobile phase consisted of 0.01 Μ 
nonylamine buffer, pH=7.4, acetonitrile and 2-propanol (2:2:1, v/v/v). 
The flow rate of the mobile phase was 0.9 ml/min. Detection was 
performed in dual wavelength mode (295 and 340 nm) and in high-
speed scanning mode (range 195-365 nm with 5 nm distance). The 
determination of Β and its metabolites was performed using an external 
standard method at wavelength 295 nm (for 7-oxo-7//-benzo(c)-
fluorenes) and 340 nm (for 7-hydroxy-7//-benzo(c)fluorenes), 
respectively /4/ (Fig. 2). 

RESULTS 

Microsomes isolated from liver homogenates of various animal 
species were incubated with Β N-oxide (substrate) and NADPH under 
aerobic conditions. The yields of metabolites generated by reduction I 
and reduction II are compared in Fig. 3. It is obvious that the ratio of 
the two reductive pathways varies from species to species. Reduction I 
accounts for as much as 97% (in the rat) or a mere 18% (rabbit) of the 
total yield of the metabolites generated by both reductive 
transformation pathways (= 100%), the yields of pathway I metabolism 
in the other species studied being 87% (mini-pig), 73% (mouse), 50% 
(guinea-pig) and 21% (man). 
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Fig. 2: HPLC chromatogram of Β N-oxide and its metabolites. Anaerobic 
incubation of human microsomes with substrate and NADPH. 

Some of the principal properties of microsomal Β N-oxide 
reductases from various species were determined by incubating 
microsomes with NADPH or NADH under aerobic or anaerobic 
conditions. The effect of CO, an inhibitor of cytochrome P450, was 
also examined. The characteristics of the enzymes participating in 
reduction I and II are given in Figures 4-6. 
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Fig. 3: Inter-species differences in microsomal reductions of Β N-oxide. The 
substrate (B N-oxide) was incubated with NADPH and microsomes under 
aerobic conditions. The values on the y-axis give the quantities of 
metabolites in the reaction mixture containing 1 mg microsomal proteins. 
Average values from 6 samples ± SD. 
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Fig. 4: Inter-species comparison between the effect of NADPH and NADH on 
Β N-oxide microsomal reduction I and II under aerobic conditions. See 
Fig. 3 for details. 
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Fig. 5: Inter-species differences in the effect of oxygen on Β N-oxide microsomal 
reduction I and II. The substrate (B N-oxide) was incubated with 
microsomes and NADPH under aerobic (air) or anaerobic (argon) 
conditions. See Fig. 3 for details. 
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Fig. 6: Inter-species comparison of the effect of CO on microsomal Β N-oxide 
reduction I and II. The substrate (B N-oxide) was incubated with NADPH 
and microsomes (control or CO inhibited) under aerobic conditions. See 
Fig. 3 for details. 
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For the purpose of inter-species comparison of reduction I, based 
on the preference for NADPH or NADH by the reductases involved, 
the species studied can be split into two groups. The first group is that 
in which the reduction I process enzymes prefer NADPH (p=0.01): rat, 
mouse and guinea-pig. The reductases of the other species studied can 
utilise either co-enzyme (no statistically significant difference). 
Comparison of the reduction I process studied in various species under 
aerobic (aeration) or anaerobic (argon atmosphere) conditions shows 
that anaerobic conditions increased the yield of the reduction I product 
in all species studied (p=0.01) except the mouse. Incubation of Β N-
oxide with CO-inhibited microsomes from rat and mini-pig significantly 
reduced the yield of the reduction I product in comparison with 
controls by 54% and 43%, respectively. 

In the reduction II pathway, regarding the preference for NADPH 
or NADH, mouse reductases catalysing this Β N-oxide transformation 
displayed distinct NADH dependence, unlike the reductases from other 
species for which NADPH was the preferred coenzyme. Anaerobic 
conditions increased the yield of the reduction II product by 55% in 
mouse and by 107% in mini-pig in comparison with aerobic incub-
ations. In guinea-pig microsomes, on the other hand, aerobic 
conditions increased the yield of the reduction II product by 62%. The 
most significant inhibitory effect by CO of the reduction II pathway (by 
92% in comparison with controls) was observed in the guinea-pig, 
while only a partial inhibitory effect was observed in mini-pig and 
mouse (by 45% and 46%, respectively). No significant effects of 
anaerobic or aerobic conditions or CO were observed in the 
microsomes from the other species studied. 

DISCUSSION 

Inter-species comparison of the contribution of the reduction I and 
reduction II pathways to the reductive transformation of Β N-oxide 
shows that the reduction II pathway - neglected in experiments with rat 
microsomes up to now - is of minor importance only in the rat and, 
partly, in the mini-pig. In all the other species studied, however, the 
metabolic product of the reduction II pathway (DHB N-oxide) 
represents either a significant (in mouse and guinea-pig) or the major 
metabolite (in rabbit and man). 
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The reduction I pathway, which is the main transformation pathway 
in the rat, was studied in detail in our previous studies /3/. However, 
inter-species comparison has shown that, in the majority of other 
species (namely in rabbit and man), the microsomal reductases display 
significantly lower reduction I activities. Similar inter-species differ-
ences have been observed in studies on the N-reduction of N-oxides of 
some psychotropic substances (chloropromazine N-oxide, amitryp-
tyline N-oxide). In rat, these substances have been found to undergo 
N-reduction to a greater extent than in man 161. N-Oxide-structure-
dependent differences in the activities of reductases in the rat are 
documented by only a minimum conversion by rat liver microsomes of 
tramadol N-oxide to tramadol /13/ while rat microsomes display 
significant reductase activity towards a number of other N-oxides of 
tertiary amines 161. 

Cytochrome P450 plays a role in the reduction I pathway /3/. Based 
on data from the literature /6,14,15/, cytochrome P450 was assumed to 
play a key role in the transformation of Β N-oxide to its parent 
compound (a tertiary amine) in other species as well as the rat. From 
this aspect, our results are surprising. Inter-species comparison of 
preference by the reduction I enzyme(s) for individual coenzymes 
revealed that NADPH was the preferred coenzyme for the reduction I 
pathway only in the rat, mouse and mini-pig. A significant inhibitory 
effect of CO on the reduction I pathway was only observed in rat and 
mini-pig microsomes, while with mice, rabbit and human microsomes 
no CO inhibition of reduction I was observed. On the other hand, 
increased activity of the reduction I pathway in the presence of CO 
was observed in the case of guinea-pig microsomes; this might be 
explained by cytochrome P450 participating in the re-oxidation of Β to 
Β N-oxide rather than Β N-oxide reduction. If this were true, the 
inhibition of cytochrome P450 would ultimately result in a higher yield 
of the reduction pathway's product. Anaerobic conditions significantly 
increased the yield of the reduction I pathway product in all species 
studied except mice. In addition to the elimination of oxygen's 
inhibitory effect under anaerobic conditions, this increase may also be a 
result of blocked re-oxidation of the product Β back to Β N-oxide. 
Based on the principal characteristics of the reductases participating in 
the conversion of Β N-oxide to Β derived from these experiments, one 
can assume that cytochromes P450 play a role in the process only in 
the rat and mini-pig, while participation of another enzyme system 
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must be assumed in the case of the other species. An interesting finding 
is that the quantitative contribution of the reduction I pathway is the 
most significant one in those species in which cytochrome P450 
participation in the process is assumed. 

The enzymology and mechanisms of the reduction of N-oxides of 
tertiary amines have been studied extensively in recent years since a 
number of N-oxides have been shown to undergo selective reduction 
under anaerobic conditions, and N-oxides of cytotoxic amines are 
believed to be likely bioreducing agents able to act selectively on 
hypoxic cells of solid tumours /16-21/. Inter-species differences in the 
participation of enzymes catalysing certain specific reductive trans-
formation pathways have been observed, e.g. in the case of tirap-
amazine N-oxide. While NADPH-cytochrome P450 reductase plays 
the key role in the microsomal reduction of the compound in the 
mouse 1221, the enzyme accounts for a mere 30% of the reduction 
pathway in the rat, while 70% of the reduction is catalysed by 
cytochrome P450 /23/. CO-insensitive reduction of a pyrazine N-oxide 
has been observed using mouse microsomes that are able to utilise both 
NADPH and NADH as coenzyme, and participation of NADH-
cytochrome bs reductase and NADPH-cytochrome P450 reductase has 
recently been demonstrated /24/. An additional enzyme system which, 
in addition to cytochrome P450, cytochrome b5 and their respective 
reductases, might participate in the reduction of Β N-oxide to Β is 
NADH-dependent 02-insensitive hydroxylamine reductase which 
catalyses the reduction of a number of amidoximes and probably also 
N-oxides /25/. 

In previous studies we did not investigate the reduction II pathway, 
which is of minor importance in the rat and which generates the 
metabolic product at levels on the verge of its detection limits. The 
present inter-species comparison demonstrates the quantitative 
importance of this reduction pathway in the biotransformation of Β N-
oxide in other species. The microsomal reductases catalysing the 
reduction II pathway display inter-species differences in both their 
activities and the basic properties studied. The mouse is the only 
species preferring NADH while NADPH is the preferred coenzyme in 
all the other species studied. Preference for anaerobic conditions was 
observed in the guinea-pig, rabbit and man. The significant inhibitory 
effect of CO on the reduction II pathway in the guinea-pig suggests 
that cytochrome P450 is involved in the reduction in this species. As 
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for the other species, other enzyme systems seem to play a major role 
in the reduction II pathway. 

Carbonyl containing xenobiotics can be reduced by both cyto-
plasmic and microsomal enzymes. Enzymology of the reductions is 
rather unclear 161. Cytochrome P450 and its reductase play an 
important role in the reduction of the carbonyl group of quinones and 
semiquinones. Due to its single-electron mechanism and concomitant 
generation of free radicals, the reaction is of considerable toxicological 
importance in the metabolism of a number of xenobiotics including 
some drugs (adriamycine, mytomycine, daunorubicine) /15,26/. An 
additional well-characterised enzyme system is 11-ß-hydroxysteroid 
dehydrogenase. This enzyme has been isolated from mouse micro-
somes 1211 and demonstrated to be able to reduce metyrapone /28/, 
nitrosamines /29/ and a number of additional xenobiotics, and to use 
both NADH and NADPH as coenzyme 1301. The microsomal 
reductase of S-warfarin has been shown to have interesting properties. 
This NADPH-dependent, highly stereospecific enzyme has also been 
shown to display sex differences /31/. Another reductase activity with 
sex-specific differences has been observed in the case of microsomal 
acetohexamide reductase /32,33/. Various inter-species comparisons of 
reductases have revealed significant similarities of metyrapone carboxyl 
reductase from mouse, rat and guinea-pig /34/, and from mouse and 
man /35/. 

Our experiments demonstrated significant inter-species differences 
in microsomal carbonyl reductase activity displayed with Β N-oxide as 
substrate, the differences being observed in all properties investigated. 
On the other hand, Β N-oxide reductase from rabbit and man displayed 
considerable similarities. Also of importance is the finding that rabbit 
and human microsomes are virtually identical concerning both the 
reduction II and reduction I pathways, the similarity being not just in 
the quantitative pattern of the reductases but also in all their properties 
examined. On the other hand, as far as the enzyme systems involved in 
the oxidative transformation pathway of Β are concerned, the highest 
degree of similarity was observed between human and mini-pig micro-
somes /36/. In comparison with human microsomes, however, mini-pig 
microsomes displayed quite different properties with respect to the 
reductive transformation of Β N-oxide. Therefore, the mini-pig cannot 
be considered a suitable species for comprehensive studies on Β N-
oxide biotransformation and, probably, of benfluron or its derivatives 
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either. Our experiments clearly demonstrate that the rabbit is the 
optimum model species to study reductive transformation of Β N-oxide 
for extrapolation to man. 
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